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ABSTRACT
Greenhouse gases (GHG) have a harmful effect on our environment as they trap
heat in the atmosphere accelerating climate change. As such, the Federal Aviation
Administration’s 2025 strategic plan to reduce GHG emissions from air transportation.
This call to action for a more environmentally friendly option highlights the importance of
synthetic fuels as they are more sustainable compared to traditional fossil fuels. An
investigation was conducted into the thermal-physical properties of Synthetic FischerTropsch (F-T) Sustainable Aviation Fuels (SAF) and the Low Temperature Combustion
(LTC). LTC is composed of the Low Temperature Heat Release (LTHR) and Negative
Temperature Coefficient (NTC) region, which has been linked to reduction GHG
emissions. Due to the limited knowledge of these regions, this study investigates both
Fischer-Tropsch Synthetic Kerosene (S8) and Iso-Paraffinic Kerosene (IPK), using Jet-A
as a baseline.
The atomization and mixture formation of the fuel spray was analyzed using a
Malvern Spraytec He-Ne Laser and Mie Scattering theory. The results of this experiment
showed IPK to have the lowest Sauter Mean Diameter (SMD), this corresponds to
increased atomization and a more efficient combustion.
Using the PAC CID 510 Constant Volume Combustion Chamber (CVCC), LTHR,
NTC, Ignition Delay (ID) and Combustion Delay (CD) and Derived Cetane Number
(DCN) of the fuels were analyzed. S8 was found to have the lowest ID and CD values and
highest DCN, thus having a better autoignition. However, IPK was observed to have the
most stability during combustion with a lower magnitude of ringing.
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CHAPTER 1
1.1 Introduction
Today the society relays on fossil fuels as its primary source of energy, with the United
States consuming an average of 18.12 million barrels of petroleum during 2020 [1].
Figure 1 below shows the percentage of petroleum products being consumed and can be
divided into transportation, industrial, and residential electric power. According to the
United States Environmental Protection Agency, the usage of fossil fuels by these three
sectors attribute to the largest source of greenhouse gas emissions [2].

Figure 1. U.S. Petroleum Product Consumption [1]
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The growing concerns of greenhouse gas emissions (GHG) and reliance of crude
oil creates a need for a sustainable replacement. The development of Sustainable Aviation
Fuels (SAF) is an important step to reducing emissions in the aviation industry as well as
creating a sustainable replacement. The term SAF refers to fuels that are not developed
from fossil fuels and are produced from renewable feedstocks. SAF options are a carbon
neutral alternative, as the carbon required to produce the fuels are equal to the amount
expelled during combustion.
Fischer-Tropsch (F-T) process is used to create SAF and consist of a chemical
reaction, where in the presence of a metallic catalyst, carbon monoxide (CO) and hydrogen
(H2) are converted into hydrocarbon chains [3]. This process is important because it allows
non-petroleum carbon resources, such as natural gas, coal, or biomass to be converted into
liquid fuels. The process of converting these carbon sources into fuels can be observed in
Figure 2 below.

Figure 2. Fischer-Tropsch Process [3]
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Fuels produced from the gasification of biomass are a more sustainable option
compared to that of conventional fossil fuels, and when paired with Low Temperature
Combustion (LTC) techniques have the potential to reduce GHG and other harmful
emissions in aerospace applications [4-7]. Low Temperature Combustion is a phenomenon
that encompasses the low temperature heat release (LTHR) and the negative temperature
coefficient regions (NTC) and they are early-stages of combustion. The LTHR region
appears when the burn of the fuel is undergoing periods of slow oxidation and cool flames.
This slow oxidation creates the predominate two stage ignition characteristics which are
the regions of LTHR and NTC [8].

1.2

Literature Review

1.2.1

Fischer-Tropsch Fuels
Soloiu et. al [9] researched the emission effects of F-T fuels in a single-cylinder

compression ignition engine using F-T IPK-butanol and ULSD-butanol fuel blends. It was
found that a Reactivity Controlled Compression Ignition delayed ignition compared to that
of conventional diesel combustion with low temperature combustion reduce NOX and soot
by 90%. Respectively it was found that by using the F-T IPK- butanol fuel blend that the
lower unburned hydrocarbon was reduced when compared to that of the ULSD-butanol
blend. Both blends were observed to have improved combustion phasing control compared
to direct injection of neat ULSD. Additionally, CO emissions of the butanol blends were
seen to decrease by 25% compared to that of ULSD. It was found that by blending Nbutanol with ULSD or IPK at a lower temperature combustion was achieved without
sacrificing emissions or engine power.
12

Atkinson et. al [10] researched the reduction of emissions using F-T and ULSD in
a V8, 7.3-liter engine. F-T fuels were seen to reduce emissions and particulate matter (PM)
due to its zero-sulfur specification, low aromaticity, and high cetane number.
Hydrocarbons, CO, CO2, NOx, and PM for F-T were reduced compared to ULSD. F-T was
also observed to have a shorter ignition delay and longer combustion by approximately
14% compared to that of ULSD at the same operating points. F-T had a lower peak
combustion by 3.4%. The F-T fuels resulted in lower brake specific emissions, PM, and
NOx emissions. These lower NOx emissions were mainly due to the lower peak in-cylinder
pressures and temperatures of F-T fuels. This shows potential of further emission
reduction.
Jiao et. al [11] studied the performance and combustion of a turbocharged diesel
engine at various speeds and altitudes using fuel blends composed of a baseline diesel,
methanol, F-T, and biodiesel at 65%, 15.2%, 15.6%, and 4.2% volume fractions.
Respectively it was found that when the engine was running the fuel blends the cylinder
pressure, pressure rise rate, and heat release rate was lower compared to that of diesel at
0m, leading to better emission reduction. When the engine was running the fuel blends,
PM emissions decreased while NOx proved to be slightly higher depending on altitude.
Jürgens et. al [12] investigated the application of F-T fuels for aviation. A high
temperature flow reactor with a molecular beam mass spectrometer was utilized to analyze
combustion. When compared to that of JetA-1, F-T fuels were found to have significantly
lower emissions, lower ignition delay, and high heat value.
Gill et. al [13] studied the properties of F-T fuels and its impact on emissions in an
internal combustion engine. It was found that engine performance was improved with F-T
13

fuels through the advancement of injection timing which resulted in better fuel and thermal
efficiency. This process can be utilized while still maintaining acceptable NOx emissions.
The soot emission of F-T was observed to increase as exhaust gas recirculation increased.
Wang et. al [14] studied the autoignition of blends of Jet A and a JP-8 additive
package, F-T synthesized in a gas to liquid process, S-8 and Shellspr, a coal to liquid F-T,
and Sasol IPK. A heated shock tube with pressures varying from 8 to 39 atm and
temperatures varying from 651 to 1381K was used to measure the ignition delay for
different air to fuel ratios. When comparing the ignition delay of Jet-A to the fuel blends,
it was seen that at high temperatures the reactivity of these fuels was relatively the same.
For F-T fuels it was observed that the NTC had decreased ignition delay as the temperature
decreased. This ignition delay for different F-T compositions was seen to have large
deviations, up to a factor of three. The NTC and low temperature regimes showed that
ignition delay was also seen to be inversely related to the DCN.
Torregrosa et. al [15] studied the impacts of using F-T and biodiesel fuels on
emissions and sound quality in diesel engines. The results when compared to that of ULSD
showed a decrease in soot and a variation of engine noise. An increase in NOX was seen
due to higher combustion pressure and temperature.
Norton et. al [16] utilized a GMC class truck with a Caterpillar 10.3-liter engine
and a transportable chassis dynamometer to test the emissions and performance of F-T fuel
in an unmodified engine. Compared to ULSD the neat F-T fuel was seen to reduce NOX
by 12% and PM by 24% over a five-mile driving cycle. The F-T fuels were not seen to
negatively affect the performance of the trucks.
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Carder et. al [17] studied strategies to control emissions in CI engines. It was found
that to reduce pollution, thermal management strategies such as the increase of exhaust
temperature and in most cases let to an increase in fuel consumption. Future improvements
in thermal engine efficiency would further increase this problem, as it would cause reduced
exhaust temperatures.

1.2.2

Constant Volume Combustion Chamber
Hwang et. al [18] simulated engine conditions in a CVCC to determine how the

spray and combustion of different fuels reacts while temperature is increased from 243 to
313K. Using pressure analysis from the CVCC and high-speed imaging, the cold diesel
fuel was injected at 35MPa, and the liquid penetration length and spray angle were
measured. The cold fuel was found to have a longer injection delay due to its higher
viscosity. The cold fuel was also found to have a longer tip penetration length and smaller
spray angle due to poor atomization and vaporization.
Alhikami et. al [19] studied the spray ignition of hydro-processed renewable diesel,
petroleum diesel, and biodiesel in a constant volume combustion chamber at LTCs from
600 to 818K at pressures of 10, 15, and 25 bar. When the temperature in the CVCC was
observed to be between 600K and 725K, the ignition delay increased by 50-30%. The
pressure of the CVCC also changed the heat release rate. As pressure increased, the heat
release rate decreased, and it was also observed that the NTC was sensitive to change in
pressure of the CVCC.
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Kang et. al [20] studied the difference between global heat release characteristics
and ignition delay of synthetic jet fuels (S-8, Shell SPK, Sasol IPK, HRJ, and ATJ) and
conventional jet fuels (JP-8, Jet A, and JP-5) utilizing a CVCC. This study found that the
synthetic fuels that had an alkane content that was linear and lightly branched had a
stronger low-temperature ignition. Synthetic fuels with a high content of highly branched
alkanes were shown to have weaker low temperature ignition.
Dongil et. al [21] studied the autoignition characteristics of Jet-A and fuel
surrogates in a CVCC utilizing a modified cooperative fuels research octane rating engine.
Ignition delay of the surrogates was found to be comparable to Jet- A.
Jing et. al [22] studied the spray combustion of Jet A in a CVCC with initial ambient
temperatures of 800K, 1000K, and 1200K. In addition to the change in ambient
temperature, five different O2 concentrations were utilized spanning from 10% to 21%.
These different initial conditions were used to simulate the working conditions of a diesel
engine with different fuel injections and EGR. During flame development it was observed
that the development of natural luminosity occurs faster than that of diesel for both a high
ambient temperature and O2 concentration. This provided a shorter ignition delay. As O2
concentration decreases, the natural luminosity region becomes short and narrow. For the
quasi-steady state, the natural luminosity is higher for Jet A than for diesel, but it decreases
much faster after combustion.
Park et. al [23] studied the effects of temperature on fuel flow and characteristics
of the diesel spray by using an injection system and fuel supply that was designed to
increase fuel temperature from 243 to 313K. A cold start was simulated using a CVCC. It

16

was found that as the fuel temperature decreased, the angle of the spray was also decreased
due to cold fuel.
Soloiu et. al [4] studied F-T fuels in a CVCC. In that study the ignition delay,
combustion delay, and derived cetane number was investigated for IPK and ULSD.
Combustion analysis was also conducted for LTHR and NTC. The results showed that
NTC and LTHR could be increased by 10% with a lower set wall temperature.
Additionally, the peak combustion pressure was increased by 17.2% and 16.1% with
increased injection pressure and pulse width.

1.2.3

Environmental and Economic Impact
Borugadda et. al [24] studied the economic and environmental factors of integrating

F-T fuels in industrial production. This was done using promoted iron pellets and carbon
nano tubes to simulate the production of 1000kg of syncrude/hr from plants. To integrate
the F-T fuel process it would cost an initial investment of 7.2MUSD. The return rate based
on an annual life-cycle was determined to be 107.9%. With an annual investment of
2.1MUSD, net profit was determined to be 5.2 MUSD/yr. The potential environmental
impact from the F-T process was calculated to be -18 PEI/kg of fuel produced, meaning
the process was benign.
Bullerdiek et. Al [25] studied the economic and environmental factors involved
with sustainable aviation fuels (SAF) in the EU and Germany and the reduction of GHG
emissions. The switch to SAF options were observed to raise the cost of fuel by 5-45%.
The need for additional SAF technologies would need to be developed to decrease the fuel
17

price. The switch was deemed to be likely feasible for airlines with the adoption of
monetary measures.

CHAPTER 2: EXPERIMENTAL SETUP AND PROCEDURES
2.1 Fuel Analysis
2.1.1 Brookfield DV-II+Pro Rotational Viscometer: Dynamic Viscosity
The Brookfield DV-11+Pro Rotational Viscometer is a device used to measure the
viscosity, or a fluids resistance to motion, of the research fuels. Viscosity is an important
fuel property as it has been seen to affect the atomization and droplet distribution during
the injection in the combustion chamber [26]. Fuels with a higher viscosity tend to have a
larger volume to surface area ratio, thus resulting in larger droplets and lead to incomplete
combustion and more unburned hydrocarbons. The Brookfield DV-11+Pro Rotational
Viscometer allows measurements to be obtained by recording the amount of torque
required to rotate a spindle submerged in a test fuel. 7ml of the test fuel was poured in an
insulated water jacket before the spindle was submerged. The water jacket is used to
circulated coolant through the system and with the addition of an omega type
thermocouple, gradually heats the fuel from 26°C to 90°C, with recordings occurring every
2°C.
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Figure 3. Brookfield DV-II +Pro Rotational Viscometer [27]
The SC4-18 spindle was used during this study, as this spindle is more compatible
with diesel fuels. The shear rate, 𝛾̇ , was then calculated in (s-1) from the geometry and
angular velocity of the spindle, as given by the manufacturer and seen below in Equation
1. Where ω is angular velocity in

𝑟𝑎𝑑
𝑠

, 𝑅𝑐 is the radii of the container in (m) and 𝑅𝑠 is the

radii of the spindle in (m).
2𝜔𝑅𝑐 2

𝛾̇ = 𝑅

𝑐

2 −𝑅 2
𝑠

Eq. 1

𝑁

The shear stress, 𝜏 at the surface of the spindle is determined in 𝑚2 using Equation
2 below. Where M is the torque from the motor in (Nm) and L is the length of the cylinder
in (m).
𝑀

𝜏 = 2𝜋𝑅

𝑠

2𝐿

Eq. 2
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From the shear rate and shear stress, dynamic viscosity, 𝜂 in (𝑃𝑎 ∗ 𝑠) was
determined using Equation 3 below.
𝜏

𝜂 = 𝛾̇

Eq. 3

2.1.2 Malvern Spraytec Mie & Fraunhofer He-Ne Laser Diffraction Analysis
A Malvern Spraytec He-Ne laser diffraction system, with a wavelength of 632.8nm,
was used to determine the atomization and droplet size distribution (DSD) of the
investigated fuels. A combined Mie Scattering theory and Fraunhofer assumption model is
utilized by the Spraytec software to determine Sauter Mean Diameter (SMD) and the DSD
from the measured angles of light diffracted by fuel droplets atomized by a fuel injector.
Mie Scattering theory, as described in Equation 4 below, is used to determine the
scattering of un-polarized light from a single spherical particle. Mie Scattering theory is
best used when particles are smaller than 50μm [28]. Where the total scattering intensity is
represented as a function of angle 𝐼(θ), with respect to the forward direction. Illuminating
intensity is I0, the wavenumber 𝑘 =

2𝜋
λ

, with λ representing wavelength, and a representing

the distance between the scatterer and detector. Lastly, S1(θ) and S2(θ) are dimensionless
complex functions that describe the change of amplitude in perpendicular and parallel
polarized light.
𝐼(θ) =

𝐼0
2𝑘 2 𝑎2

([𝑆1 (𝜃)]2 + [𝑆2 (𝜃)]2 )

Eq. 4

The Fraunhofer approximation simplifies some terms of the Mie scattering
equations as it assumes refractive index does not affect the scattering of light, and therefore
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does not require it in the calculation, as seen in the simplified Equation 5, where α =

𝜋𝑥
λ

is

a dimensionless size parameter. This allows for a more practical application when testing
mixtures of differing substance and geometry.
𝐼(θ) =

𝐼0
2𝑘 2 𝑎2

𝐽𝐼 (αsinθ)

α4 (

α sin θ

)

Eq. 5

Using a combined method of Mie Scattering theory and Fraunhofer approximation,
the DSD can be obtained when fuel is injected perpendicular to the laser beam. SMD, also
known as Sauter Mean Diameter, is defined as the average diameter of the equivalent
spheres that each have the same volume to surface area ratio as the actual non-spherical
fuel droplets measured. SMD is useful when the surface area is an important parameter to
the experiment, which is certainly the case when considering the effect of fuel droplet
surface area on combustion. SMD, also commonly represented as D32 is mathematically
described in Equation 6 below, where D represents diameter, and n is the number of size
classes [29].
∞

∫ 𝑛(𝐷)𝐷3 𝑑𝐷

𝐷32 = [ 0∞

∫0 𝑛(𝐷)𝐷2 𝑑𝐷

]

Eq. 6

A single orifice pintle-type Bosch fuel injector was calibrated to start injecting at
180 bar for generalized spray testing across various fuel systems. The injector nozzle
orifice is positioned 100mm away from the laser beam. As the fuel atomizes it intersects
the laser beam between the transmitter and receiver. The sensor array is composed of 36
silicon diode detectors and takes droplet size measurements of up to 900 µm. As the light
is diffracted by the spray droplets, SMD and DSD can be statistically estimated, from the
data which is generated at a rate 10 kHz for a duration of 5ms per injection. The
experimental apparatus can be observed in Figure 4 below.
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Figure 4. Malvern Spraytec Mie & Fraunhofer Scattering He-Ne Laser [30]

2.1.3 Lower Heating Value
The Parr 1341 Constant Volume Calorimeter, as seen in Figure 5 below, is used to
determine the lower heating value of the researched fuel, which is a representation of the
amount of heat produced during combustion. Using a constant volume crucible, 0.5g of
researched fuel is measure before a Ni-alloy fuse wire was strung between two electrodes.
The fuse wire is connected between the electrodes in a way such that it does not contact
the crucible yet remains in close proximity, such that the fuel sample can ignite. The
stainless-steel chamber was then pressurized with 25 atm of O2 before being submerged in
a water jacket containing 2kg of deionized water. A k-type thermocouple and stirring shaft
was implemented into the system in order to measure the change in temperature in the
water during the combustion process. Using the change in water temperature, the gross

22

heating value, Hc, and the percentage of hydrogen, H, was used to determine the net heating
value, Hnet, as seen in Equation 7 below.
𝐻𝑛𝑒𝑡 = 1.8𝐻𝑐 − 91.23𝐻

Eq. 7

Figure 5. Parr 1341 Constant Volume Calorimeter [31-32]

2.1.4 Differential Thermal and Thermographic Analysis
The Shimadzu DTG-60 was used to conduct Differential Thermal Analysis (DTA)
and Thermographic Analysis (TGA) of the researched fuels. This analysis was conducted
in order to determine both vaporization rate and low temperature energy release for the
fuels. The research apparatus, as seen in Figure 6 below, is composed of a furnace that
heats the fuel samples from 20°C to 600°C at a rate of 20°C/min. To simulate conditions
found in an engine, the chamber is continuously purged with compressed air at a rate of
15ml/min. Inside the furnace two stems connected to a balance were used to hold both the
23

sample fuel and a baseline of inert alumina powder. As the temperature increases the mass
loss of the fuel is recorded and the endothermic and exothermic reactions can be analyzed.

Figure 6. Shimadzu DTG-60 [33]

2.1.5 PAC CID 510 Constant Volume Combustion Chamber
The PAC CID 510 Constant Volume Combustion Chamber (CVCC), as seen in
Figure 7 below, was used to determine the combustion properties of each research fuel.
The PAC CID 510 CVCC also utilizes a Lauda Alpha RA chiller to regulate temperature
during the experiments. Additionally ultra-high purity compressed N2 and O2 gas is used
to ignite the fuel during the combustion process. In order to perform combustion analysis,
approximately 160mL of the sample fuel is loaded into the chamber. The CVCC first runs
5 conditioning cycles to prime the chamber and clear any old fuel left in the machine. After
the conditioning cycles have been complete, there are 15 cycles of injection, combustion,
and exhaust, where the PAC CID injects fuel at 1000 bar at 595.5°C with a pulse width
duration of 2.5ms. From the average of these 15-combustion events Ignition Delay (ID)
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and Combustion Delay (CD) is determined from the amount of time between the injection
and ignition of the fuels. From the ID and CD, the Derived Cetane Number (DCN), which
is a representation of the autoignition quality of a fuel, can be determined using Equation
8 below.

Figure 7. PAC CID 510 Constant Volume Combustion Chamber [34]

−5.3378
300.18
−12567.90
3415.32
𝐷𝐶𝑁 = 13.028 + (
)+(
)+(
)+(
)
2
𝐼𝐷
𝐶𝐷
𝐶𝐷
𝐶𝐷3

Eq. 8

All testing utilized the ASTM D7668-14.a Standard for DCN determination as
shown in Table 1 below.
Table 1 ASTM D7668-14.a Testing Standard
Wall
Temperature
595.5°C

Fuel Injection
Pressure
1000 bar

Coolant
Temperature
50°C

Injection Pulse
Width
2.5ms

Chamber
Pressure
20 bar
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Figure 8 below shows the essential internal components of the PAC CID 510 CVCC
and corresponds to the values in Table 2 below. Component 1 corresponds to the highpressure common rail system, component 2 is a 6-orifice BOSCH fuel injector, and
component 3 is the constant volume combustion chamber. Component 4 correspond to a
piezoelectric pressure sensor used to measure pressure in the combustion chamber, and
component 5 is a pressure sensor used to measure the injection pressure.

Figure 8. Internal Components of the PAC CID 510 CVCC [4]

Table 2. PAC CID 510 Component list
1
2
3
4
5

High-Pressure Common Rail
BOSCH Injector
Combustion Chamber
Dynamic Pressure Sensor
Injection Pressure Sensor
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Figure 9. PAC CID 510 Internal Diagram [33]
In Figure 9 above is the full internal diagram of the PAC CID 510. It is a diagram
of all the inlets and exhaust valves, actuators, thermocouples, sensors, and the high-
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pressure fuel rail system included with the injector. While this diagram is the whole PAC
CID 510 system, Figure 8 (CAD MODEL) only includes the essential parts.

CHAPTER 3
3.1 Overview of Thermophysical Properties
The thermophysical properties of the fuels were analyzed to determine the thermal
and fluidic properties to better understand the combustion. Properties such as Lower
Heating Value (LHV), viscosity, Ignition Delay (ID), Combustion Delay (CD), Derived
Cetane Number (DCN), as seen in Table 3 below. The Low Temperature Oxidation using
the Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA).
Table 3. Thermophysical Properties of Researched Fuels
Researched Fuels

Jet-A

100 S8

100 IPK

LHV (MJ/kg)

41.88

42.04

44.25

DCN

47.95

59.56

26.92

Avg.ID (ms)

3.26

2.81

4.62

Avg.CD (ms)

5.01

4.04

15.45

Viscosity @ 40℃ (cP)

1.23

1.28

1.04
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3.1.1 Viscosity Analysis
The viscosity and density of a fuel have a direct relationship with temperature and
can affect both the atomization and penetration of a fuel spray. This is due to the variation
of the surface area of the droplet, as droplets with a lower surface area are unable to travel
as far [25]. The average kinematic viscosity in reference to temperature can be observed in
Figure 10 below. The Figure shows a negative correlation between the viscosity and
increase in temperature. Neat IPK was found to have the lowest viscosity of the three fuels
followed by Jet-A and S8.
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Figure 10. Viscosity Analysis
Table 4 below shows the viscosities of the fuels at 40°C.
Table 4. Viscosity at 40°C for the Researched Fuels

Viscosity @ 40℃ (cP)

100 Jet-A
1.23

100 S8
1.28

100 IPK
1.04
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3.1.2 Spray Distribution Analysis
The spray distribution and atomization were analyzed using the Mie scattering HeNe Malvern Spraytec. Figure 11 below shows a relationship between the Spray Volume
Frequency and Droplet Size, and the Sauter Mean Diameter (SMD) over time, for the three
neat fuels. The peak of the spray volume frequency versus Droplet Size graph represents
the most common droplet size found in the spray.
Time [ms]
0

1

2

3

4

5
30

10

SMD [µm]

20

Spray Volume Frequency [%]

10
Jet-A

0

S8
IPK
5

0
1

10

100

1000

Droplet Size [µm]

Figure 11. Spray Volume Frequency and SMD Analysis
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The average SMD of the three neat fuels can be seen in Table 5, where Jet-A was
found to be 18.54 (µm), S8 was 18.83 (µm), and IPK was 12.50 (µm).

Table 5. Sauter Mean Diameter of the Researched Fuels
Researched Fuels
100 Jet-A
100 S8
100 IPK

SMD [µm]
18.54
18.83
12.50

The droplet size distribution (DSD) percentiles denoted by Dv (10), Dv (50), and
Dv (90) give the size that 10%, 50%, and 90% of the spray droplets are respectively less
than or equal to in diameter. The percentiles for each of the neat fuels are reported in Table
6 below. The droplet size of a fuels is heavily reliant on surface tension and viscosity.
Larger droplets allow for a better air-fuel mixture and penetration within the system. These
large droplets have a smaller surface area to volume ratio and do not burn as effectively
thus producing more soot. IPK was observed to have the smallest droplet size distribution
for 10%, 50% and 90% of the spray. While S8 was observed to have the largest Dv(10) of
the fuels, while Jet-A had the largest values for Dv(50) and Dv(90).
Table 6. Spray Droplet Distribution
Researched Fuels
100 Jet-A
100 S8
100 IPK

Dv (10) [µm] Dv (50) [µm] Dv (90) [µm]
9.85
30.11
133.45
10.06
30.03
108.87
8.27
22.96
103.34
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3.1.3 Lower Heating Value
The Lower Heating Value (LHV) can be defined as the amount of heat released
during combustion. The average LHV for each neat fuel can be observed in Table 7 below,
where Jet-A is 41.88 MJ/kg, S8 is 42.04 MJ/kg, and IPK is 44.25 MJ/kg.
Table 7. Lower Heating Value of Researched Fuels
Researched Fuels
100 Jet-A
100 S8
100 IPK

Lower Heating Value (MJ/kg)
41.88
42.04
44.25

3.1.4 TGA & DTA Analysis
The TGA analysis is used to determine the volatility of the researched fuels.
Volatility is defined as a fuel’s ability to vaporize and is an important property as it can be
used to describe the reactivity of a fuel. The fuels are analyzed as 10%, 50%, and 90% of
the mass is evaporated and is denoted by TA (10), TA (50), and TA (50), as seen in Table
8 below.
Table 8. Thermogravitic Analysis of Researched Fuels
Researched Fuels
100 Jet-A
100 S8
100 IPK

TA (10)
83°C
78°C
72°C

TA (50)
130°C
126°C
108°C

TA (90)
164°C
162°C
131°C

Figure 12 below shows the TGA [%] as temperature increases. IPK is observed to
be the most volatile as it has the lowest temperatures for TA (10), TA (50), and TA (90),
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at 72°C, 108°C, and 131°C. This short distillation curve is also an indication of the fuel’s
hydrocarbons. Fuels containing light hydrocarbons tend to vaporize at lower temperatures.
120

Jet-A
S8

100

IPK

TGA[%]

80

60

40

20

0
0

50

100

150

200

250

300

TEMPERATURE [°C]

Figure 12. Thermogravimetric Analysis (TGA)

𝜇𝑉

The DTA measures the endothermic and exothermic reactions of a fuel in 𝑚𝑔 as it
is vaporized in a controlled environment of increase temperature to 600°C and constant air
flow. As seen in Figure 13 below, the convex areas indicate an endothermic reaction while
the concave slopes correlate to the exothermic. The slope of the DTA curve additionally
indicates the rate at which energy is absorbed and released. As the temperature increases
the fuels continue to absorb energy until a point where it begins to oxidize. The oxidation
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point, is approximately at TA (90) and marks where the chemical bonds of the fuels break
down and can combust, thus changing from an endothermic to exothermic reaction.
IPK is observed to absorb energy at a quicker rate, and with a lower peak value
compared to that of S8 and Jet-A. Unlike the other fuels, Jet-A goes through a second
exothermic reaction, as the fuel contains more hydrocarbons that oxidize at higher
temperatures. Thus, making Jet-A less ideal in an IC engine, as there would be remaining
unburned hydrocarbons that would leave the system in the form of exhaust. The application
of Jet-A in jet engines are more appropriate, as the second exothermic reaction occurs
before the exhaust gases are released.
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Figure 13. DTA Analysis
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3.1.5

Ignition Delay, Combustion Delay, and Derived Cetane Number
The DCN, or autoignition quality, is calculated from the ID and CD using Equation

8. The ID and CD for S8 was observed to be lower than that of IPK and Jet-A, at 2.81ms
and 4.04ms, as seen in Table 9. Due to these low values for ID and CD, S8 was seen to
have the highest DCN at 59.56. The DCN is a representation of the reactivity of a fuel and
fuels with larger values are seen to have better combustion.

Table 9. Ignition Delay, Combustion Delay, and Derived Cetane Number
Researched Fuels
DCN
Avg.ID (ms)
Avg.CD (ms)

Jet-A
47.95
3.26
5.01

100 S8
59.56
2.81
4.04

100 IPK
26.92
4.62
15.45

CHAPTER 4
4.1 Combustion Characteristics
The Combustion Characteristics of the fuels were determined using the PAC CID
510 CVCC and averaged over 15 combustion events. This apparatus neglects the heat
transfer occurring in the system to isolate the pressure during combustion. Additionally,
the gas used in the chamber during combustion is assumed to be an ideal gas, using
Equation 9 below and the known constants of volume (V), number of moles (n), and the
ideal gas constant (R), temperature (T) can be determined.
𝑃𝑉 = 𝑛𝑅𝑇

Eq. 9
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From the pressure and temperature, calculations were made to determine the
pressure rise rate, percent mass burned, and Apparent Heat Release Rate (AHHR). The
regions of LTC, LTHR and NTC, are determined from AHRR.

4.1.1 Combustion Pressure
The pressure data for the neat fuels is obtained using a piezoelectric sensor in the
combustion chamber. The pressure with respect to time for the three neat fuels can be seen
in Figure 14 below.
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Figure 14. Combustion Pressure Trace
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The slope of the pressure during combustion is an important characteristic as it can
be used as an indication of fuel stability, as the oscillations observed during the pressure
phase is ringing. Ringing is a response to a highly dynamical change in a system, such as
the change in pressure with high gradient, during combustion. The resulting ringing at peak
pressure for Jet-A, S8, and IPK can be observed in Figure 15. S8 was observed to have a
greater magnitude of ringing compared to that of Jet-A. IPK was seen to have the least
amount of peak pressure ringing, which can be attributed the decreased slope of the
pressure trace. This low amount of ringing also indicates that IPK has the most stable
combustion of the fuels.
The peak pressures for the fuels can be seen in Table 10 below. IPK is observed to
have the largest peak pressure at 42.66 bar, followed by Jet-A at 42.66 bar and S8 at 41.77
bar.
Table 10. Peak Pressure of Researched Fuels

Peak Pressure [bar]

100 Jet-A
42.26

100 S8
41.77

100 IPK
42.66
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Figure 15. Pressure Peak of Reseached Fuels

4.1.2 Mass Fraction Burned
The mass fraction burned for the fuels was calculated from the total amount of
energy released during combustion divided by the fuel’s LHV, this value is then converted
to a percent of the total mass burned. The percent mass burned for the fuels can be seen in
Figure 16 below. The time it takes to burn 10%, 50%, and 90% of the mass from the start
of combustion is seen in Table 11 below. Where %M (10), %M (50), and %M (90)
correspond to the percent mass burned at 10%, 50%, and 90%. S8 is observed to burn faster
38

than the other fuels with 90% of the mass being burned 1.96ms after the start of
combustion, this occurs 0.52ms before Jet-A burns 50% of its mass.
Table 11. Time to Burn %Mass of Fuel
Researched Fuels
100 Jet-A (ms)
100 S8
(ms)
100 IPK
(ms)

%M (10)
1.84
1.32
6.08

%M (50)
2.48
1.72
12.08

%M (90)
2.80
1.96
13.96
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Figure 16. %Mass Burn of Researched Fuels

4.1.3 Apparent Heat Release Rate (AHRR)
The Apparent Heat Release Rate (AHRR) is a measurement of the amount of
energy it takes to raise the temperature of the combustion chamber. The AHRR of the fuels
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is derived from the pressure data using the first law of thermodynamics, as seen in
Equation 10.
𝑑𝑄
𝑑𝑡

1

𝑑𝑃

= [𝛾−1] 𝑉 𝑑𝑡

Eq. 10

The AHRR curve for the fuels can be seen in Figure 17 below, with the peak AHRR
in Table 12. S8 is observed to have the highest peak AHRR of 5.45 MW, followed by JetA at 4.47 MW, and IPK at 0.68 MW.
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Figure 17. AHRR of the Researched Fuels
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Table 12. Peak AHRR of the Researched Fuels
Researched Fuel
100 Jet-A
100 S8
100 IPK

Peak AHRR [MW]
4.47
5.45
0.68

Figure 18. Regions of LTHR and NTC

Figure 18 above illustrates the Low Temperature Heat Release (LTHR) region of
Jet-A. LTHR occurs due to the autoignition of hydrocarbons in the fuels. This process for
which hydrocarbons oxidize and break down during early stages of combustion produce
cool flames. These cool flames are periods of ignition and quench of the flame front and
41

vary greatly with hydrocarbon structure [35]. Low temperature heat release includes two
different phases, one when these cool flames are formed and the Negative Temperature
Coefficient (NTC) region. NTC is the region for which the remaining hydrocarbons require
more energy to oxidize, than they produce once broken down. This causes a negative slope
right before high temperature heat release (HTHR).
In this thesis, The LTHR region’s period begins once the AHRR rises above 0 and
concludes once the NTC region reaches the LTHR peak value. The cool flame formation’s
period begins once the AHRR rises above 0 and concludes at the LTHR peak. The NTC
region begins once the LTHR peaks and slope becomes negative and concludes once the
value of peak LTHR is achieved.
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Figure 19. Zoom of LTHR and NTC for Researched Fuels
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The researched fuel’s low temperature heat release region is shown in Figure 19
above. To better analyze IPK’s LTHR in this Figure, the data after peak HTHR for both S8
and Jet-A is omitted. Figure 20 contains the full spectrum of the data. S8 has the greatest
autoignition quality of the three fuels. This reflects in its value for DCN, as shown by JetA and IPK requiring more time after injection to ignite. By time both S8 and Jet-A have
completed combustion, IPK is entering its LTHR phase, as shown in Table 13 below. The
durations of each region shown in Table 14 below with the origin of time starting at the
beginning of the injection event.

0.6

Jet-A
S8
IPK

0.5

AHRR [MW]

0.4

0.3

0.2

0.1

0

-0.1
2

3

4

5

6

7

Time [ms]

Figure 20. Full spectrum of LTHR and NTC region for the Researched Fuels
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Table 13. Beginning of LTHR, HTHR, and End of Combustion
Researched Fuel

Beginning of
LTHR
(ms)
2.44
2.20
3.2

Jet-A
S8
IPK

Beginning of
HTHR (end of
LTHR) (ms)
3.44
4.32
12.76

End of
Combustion
(ms)
5.92
4.56
20.52

Table 14. LTHR and NTC Durations for Researched Fuels
Researched Fuel
100 Jet-A
100 S8
100 IPK

LTHR [ms]
1.88
1.24
9.56

NTC [ms]
0.64
0.40
7.84

HTHR (ms)
1.6
1.12
7.76

Total (ms)
3.48
2.36
17.32

The Energy Release during each region of Combustion can be seen in Table 15
below. It was found that IPK releases the most amount of energy for all regions of
combustion with the total energy of 2728.75 J, followed by Jet-A at 2593.58 J, and S8 at
2464.46 J. Table 16 shows the energy released per region of combustion as a percentage
of AHRR.
Table 15. Energy Released per Combustion Region
Researched
Fuel
100 Jet-A
100 S8
100 IPK

LTHR Energy
Released (J)
266.12
206.23
476.81

NTC Energy
Released (J)
119.81
93.57
346.73

HTHR Energy
Released (J)
2327.46
2258.24
2251.75

Total Energy
(J)
2593.58
2464.46
2728.75

Table 16. Energy Release per Region as a Percentage of AHRR
Researched Fuel
100 Jet-A
100 S8
100 IPK

LTHR %
10.26
8.37
17.47

NTC %
4.62
3.80
12.71

HTHR %
89.74
91.63
82.53
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CHAPTER 5
5.1 Conclusion
In this study the autoignition and combustion characteristics of two FischerTropsch aviation fuels, S8 and IPK, were investigated with a baseline of Jet-A, in a constant
volume combustion chamber.
A viscosity analysis was conducted and the neat IPK was found to have the lowest
viscosity, while S8 was observed to have the highest. This affected the spray penetration
and the droplet distribution as IPK was observed to have the smallest droplet size
distribution for Dv(10), Dv(50), and Dv(90). S8 was observed to have the largest Dv(10)
for the fuels, while Jet-A had the largest values for Dv(50) and Dv(90). The Sauter Mean
Diameter (SMD) was observed to be lower for IPK which is associated with a more
efficient combustion due to its larger surface area to volume ratio.
The calorimetry analysis was done to determine the lower heating value (LHV) of
the fuels and is a representation of the amount of heat produced during combustion. It was
determined that IPK had to largest LHV, followed by S8, and Jet-A.
A differential thermal analysis (DTA) and thermogravimetric analysis (TGA) was
done to determine the volatility, endothermic, and exothermic reactions of the fuels. IPK
is observed to be the most volatile, having lower temperatures for TA (10), TA (50), and
TA (90). This lower temperature is an indication of the fuel’s composition, as fuels
containing light hydrocarbons tend to vaporize at lower temperatures. Additionally, IPK is
observed to absorb energy at a quicker rate, when compared to that of S8 and Jet-A. Unlike
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the other fuels, Jet-A, goes through a second oxidation point, as there are more
hydrocarbons in Jet-A that oxidize at higher temperatures.
The Ignition Delay (ID) and Combustion Delay (CD) was observed in a PAC CID
510 Constant Volume Combustion Chamber (CVCC) and used to calculate the derived
cetane number (DCN). IPK was observed to have the longest ID and CD, and the lowest
DCN at 26.92. While S8 was observed to have the lowest ID and CD at 2.81ms and 4.04ms,
thus resulting in the largest value for DCN at 59.56, and better autoignition qualities.
The mass fraction burned for the fuels was calculated from the total amount of
energy released during combustion as well as the Lower Heating Value (LHV). S8 is
observed to burn faster than the other fuels, with 90% of the mass burning occurring 1.96ms
after the start of combustion which occurs 0.52ms before Jet-A burns 50% of its mass.
From the pressure trace it was observed that S8 had the greatest pressure rise rate,
while IPK had the lowest. IPK is observed to have the largest peak pressure at 42.66 bar,
followed by Jet-A at 42.66 bar and S8 at 41.77 bar. Additionally, from the peak pressure
S8 was observed to have the largest magnitude of ringing. IPK was seen to have the least
amount of peak pressure ringing, which can be attributed the decreased slope of the
pressure trace. The pressure of IPK indicates that the fuel has a slower burn and due to the
low amount of ringing is more stable.
For the LTHR and NTC analysis, IPK was seen to have longer durations for LTHR
and NTC, while S8 had the shortest durations for both regions. The longer duration of
LTHR observed for IPK corresponded to an extended region of cool flames and expels
more energy. It was found that IPK releases the most amount of energy over the whole
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combustion process with a total energy of 2728.75 J, followed by Jet-A at 2593.58 J, and
S8 at 2464.46 J. S8 is observed to have the highest peak AHRR of 5.45 MW, followed by
Jet-A at 4.47 MW, and IPK at 0.68 MW. S8 has the greatest autoignition quality of the
three fuels. This reflects in its value for DCN, as shown by Jet-A and IPK requiring more
time after injection to ignite. By time both S8 and Jet-A have completed combustion, IPK
is entering its LTHR phase.

5.2 Future Work
The future research will involve creating by mass blends of IPK and S8 in order to
create a Sustainable Aviation Fuel and surrogate for conventional aviation fuels, using the
constant volume combustion chamber.
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